Yeasts are being increasingly identified as important organisms in human infections. Adhesive interactions between yeasts and bacteria may contribute to yeast retention at body sites. Methods for studying adhesive interactions between bacterial strains are well known, and range from simple macroscopic methods to flow chamber systems with complex image analysis capabilities. The adhesive interactions between bacteria and yeasts have been studied employing several of the methods originally developed for studying adhesive interactions between bacteria. However, in many of the methods employed the larger size of the yeasts as compared with bacteria results in strong sedimentation of the yeasts, often invalidating the method adapted. In addition, most methods are semi-quantitative and do not properly control mass transport. Consequently, adhesive interaction mechanisms between yeasts and bacteria identified hitherto, including lectin binding and protein-protein interactions, must be regarded with caution. Extensive physico-chemical characteristics of yeast cell surfaces are not available and a physico-chemical mechanism has not yet been put forth. A new method for quantifying adhesive interactions between yeasts and bacteria is proposed, based on the use of a parallel plate flow chamber, in which the influence of adhering bacteria upon the kinetics of yeast adhesion and aggregation of the adhering yeasts is quantitatively evaluated, under carefully controlled mass transport. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Yeasts are emerging more and more as life-threatening pathogens in hospitalized and immunode¢cient patients. The recognition of this important role of yeasts has only recently occurred [1] and is mainly due to the enormous increase in invasive medical techniques, the need for immunosuppressive drugs, and the impact of AIDS, all of which interfere with the normal functioning of the human immune system, facilitating infection by opportunistic yeasts. Immune suppressing agents are being used more frequently in the treatment of autoimmune diseases such as diabetes, in cancer treatment, and to prevent rejection following organ or tissue transplantation. The use of immune suppressing agents, with concurrent use of antibiotics, creates an environment in which yeast strains can thrive. Also, modern medical techniques such as vascular and urinary catheterization and the use of biomedical devices allow yeasts the opportunity to establish infections by permitting access to body sites that were previously restricted [2] .
Although both yeasts and bacteria can cause recurrent infections in various regions of the human body when adhering on their own in a single species bio¢lm, there are numerous examples of infectious bio¢lms consisting of yeasts and bacteria [3^5] . These bio¢lms provide additional adhesion sites for non-primary surface colonizers and protection from environmental dangers. However, indigenous bio¢lms may provide a possible mechanism for elimination of pathogens from the host.
In the following section, some examples will be given of infectious bio¢lms in the human body, in which both yeast and bacterial strains are the colonizing microorganisms.
Adhesive interactions between yeasts and bacteria
in vivo 1.1.1. Denture stomatitis Most commonly, adhesive interactions between yeasts and bacteria have been observed in the oral cavity. Denture stomatitis, for example, is a disease characterized by in£ammation of the gingiva, frequently caused by adhesion of Candida albicans [4] and oral streptococci [6] to acrylic, the common material used in denture production. Interestingly, however, in vitro research has demonstrated that C. albicans adhesion to acrylic surfaces is in£uenced by the presence of adhering streptococci, such as Streptococcus sanguis and Streptococcus salivarius [6, 7] , suggesting a potential role for adhesive interactions between yeasts and bacteria in their colonization of denture surfaces.
Periodontal disease in immunosuppressed patients
The oral microbial £ora is composed of a diverse variety of microbial strains and species. Actinomyces and streptococcal species are the predominant organisms found in initial, supragingival plaque formation [8] . Yeasts, such as C. albicans, can be isolated from the mouths of approximately 40^60% of healthy individuals [9] , but a strong increase in C. albicans and also Lactobacillus prevalence is observed in immunosuppressed patients developing stomatitis [2, 3, 10] . The combined occurrence of Candida and lactobacilli in oral bio¢lms of immunosuppressed patients sug-gests the possibility that adhesive interactions between the colonizing yeasts and bacteria are of importance for establishing these bio¢lms.
Infections on biomedical devices
Silicone rubber voice prostheses used in patients following total laryngectomy in the oro-pharyngeal region become rapidly colonized by a bio¢lm (see Fig. 1 ), which consists of bacteria (predominantly streptococci from the oral cavity and staphylococci from the skin) and a variety of yeast strains, amongst which C. albicans, Candida tropicalis and Candida glabrata were identi¢ed [5,11^14] . In a case study, Neu et al. [5] found that early colonizers on voice prostheses consisted of, amongst various bacterial strains, hydrophilic C. albicans strains, which is contrary to thermodynamic expectations [15, 16] . More mature bio¢lms found on explanted voice prostheses (older than 8 days) showed only hydrophobic C. tropicalis strains, suggesting a succession in the development of the bio¢lms on the prostheses in which adhering bacteria may act as stimuli for yeasts to adhere [5] .
Marrie et al. [17] found similar bio¢lms as described above on the gastric portion of nasogastric tubes, with Gram-positive cocci, Gram-negative rods and yeasts enclosed in a thick exopolysaccharide layer. Unfortunately, no strain identi¢cation of the bacteria and yeasts was performed. Also, endotracheal tubes from arti¢cially ventilated patients showed extensive bio¢lm formation after a 1^15 day period [18] . Especially the endotracheal tubes obtained from patients who received selective decontamination of the digestive tract showed a high prevalence of colonization with yeasts and Gram-positive bacteria. In a report by Walterspiel et al. [19] , multispecies infection of an arti¢cial urethral sphincter by C. albicans, streptococci and Pseudomonas aeruginosa necessitated the removal of the device.
Bacterial adhesive interactions versus adhesive interactions between yeasts and bacteria
Adhesive interactions between yeasts and bacteria have not, to date, been extensively studied as compared with adhesive interactions between bacteria. The colonization of hard tissue surfaces in the oral cavity, for example, occurs in an ordered succession between initially colonizing strains, such as S. sanguis and Actinomyces naeslundii, and later colonizers (those strains adhering after 1 day). In some cases Veillonella and Peptostreptococcus species contribute to the development of ordered structures in dental plaque [8] , like the corn-cob structures ¢rst described by Jones [20] . Surprisingly, few studies have been conducted demonstrating the importance of adhesive Fig. 1 . Electron micrograph of yeasts and bacteria in a bio¢lm observed on an explanted silicone rubber voice prosthesis. Note the corncob structure formed by bacterial adhesion to the hyphal yeast cell (taken from [11] ). Bar represents 5 Wm.
interactions among bacteria from other niches in the human body and it has been suggested that bacterial coaggregation and coadhesion are phenomena exclusive to the oral cavity [21] . Consequently, much is known about mechanisms of adhesive interactions between oral bacteria, while little information is available on adhesive interactions between yeasts and bacteria. In addition, the study of adhesive interactions between yeasts and bacteria is hampered by the experimental di¤culties involved, as will be described in later sections of this review, and the lack of a su¤ciently quantitative method.
Aim
It is the aim of this paper to review the methods currently used to study adhesive interactions between microorganisms and to discuss the mechanisms proposed for this interaction from a physico-chemical point of view. Although the paper is primarily aimed at the adhesive interactions between yeasts and bacteria, adhesive interactions between bacteria will be discussed as the basis for the treatise of the adhesive interactions between yeasts and bacteria.
Methods to study microbial adhesive interactions

Coaggregation between bacteria
There are four basic methods which have been employed for studying bacterial coaggregation, as summarized in Table 1 . These methods include macroscopic, microscopic, turbidimetric, and radioactive assays. All of the methods described have their own unique advantages and disadvantages which must be considered when they are used for studying bacterial interactions.
Coaggregation between microbial pairs is most often studied by mixing microbial pairs in a test tube followed by vortexing to speed up coaggregation [22, 23] . We consider this to be a macroscopic method, because the assay is scored visually on a scale from zero to four based on the degree of coaggregation in the tube as observed with the naked eye. A zero score indicates no coaggregation while a score of four indicates almost total coaggregation.
The assay can at best be judged as being semi-quantitative and is most suitable as a screening method. This method is limited by the fact that mass transport conditions are not controlled, thus it is impossible to discern between kinetic and stationary endpoint e¡ects.
Macroscopic methods can be improved by observing the coaggregates under a microscope (see Table  1 ). Microscopic methods have the added advantage that the coaggregating strains are directly viewed. However, this assay is not quantitative and mass transport conditions are also often not controlled.
Spectrophotometric assays, classi¢ed as steadystate and kinetic turbidimetric methods (Table 1) , investigate coaggregation by a reduction in light absorbance in a spectrophotometer [24, 25] . These methods are simple, and can be quantitative, but again mass transport of the system is not controlled and frequently complicated by sedimentation.
Radioactive assays have been developed in an attempt to further quantify bacterial coaggregation [26] . However, the use of radioactive isotopes requires special handling conditions and procedures, and is hazardous to the user. In addition, the samples are mixed on a vortex, thus transport conditions are not controlled.
Coadhesion between bacteria
It is only recently that a clear distinction has been made between bacterial coaggregation and coadhesion [27, 30] . It has been proposed that the word coaggregation be exclusively used for the interaction between two microbial pairs when both partners are planktonic, while coadhesion is the preferred expression for the interaction between a sessile, already adhering microorganism and its planktonic partner. The manner by which coadhesion is measured di¡ers slightly from the coaggregation assays described (see Table 1 ) in the sense that bacteria of one strain are ¢rst deposited or ¢xed to a substratum surface, followed by the addition of a second strain. Thus, the adhesion of the second strain relative to the ¢rst is measured.
A simple coadhesion assay (see also Table 1 ) has been described by Ellen et al. [27] as a variant of the traditional MATH assay (`microbial adhesion to hydrocarbons' [31] ). In coadhesion MATH, one strain is allowed to adhere ¢rst to hydrocarbon droplets in suspension. The hydrocarbon droplet, after loosely adhering bacteria are removed by rinsing, is then added to a suspension of the second, partner strain. When coadhesion occurs, a decrease in optical density results which is taken as the measure of coad- Table 1 Common methods for determining bacterial coaggregation and coadhesion hesion. This method is relatively simple and rapid to carry out, but has several drawbacks such as the lack of control of hydrodynamic and mass transport conditions. Furthermore, coadhesion MATH is only applicable when it has ¢rst been established that the second strain alone does not adhere to the hydrocarbon, and there is little versatility with regard to a choice of substratum surface properties.
Slide methods are relatively simple, rapid techniques in which bacteria of one strain are permitted to adhere to a substratum surface, forming a base to which a second radioactively labelled bacterial strain can subsequently adhere [28, 29] . The amount of radioactivity associated with the substratum after extensive rinsing is the measure of coadhesion. However, the need for a radioactive label requires specialized equipment and safety measures. More importantly, rinsing of the surface produces strong shear forces which may in turn remove adhering bacteria, resulting in enumeration artefacts.
Coadhesion can be quantitatively studied in a parallel plate or other £ow chamber device with means for in situ observation and preferably equipped with image analysis options. Bos et al. [30] described how deposition of streptococci to substrata with adhering actinomyces could be divided into so-called`local' adhesion or coadhesion of streptococci in the close vicinity of adhering actinomyces and`non-local' adhesion of streptococci, outside a de¢ned vicinity around adhering actinomyces. Hydrodynamic and mass transport conditions are well controlled in £ow devices, and theoretical mass transport models are available. Hence, kinetic and stationary endpoint e¡ects in the coadhesion process can be separately observed. In addition, rinsing steps with the inherent passages of air-liquid interfaces over the surface are avoided in the parallel plate £ow chamber, ensuring accurate enumeration of coadhesion. Unfortunately, the use of a parallel plate £ow chamber device as described by Bos et al. [30] is timeconsuming and requires expert computer knowledge.
Adhesive interactions between yeasts and bacteria
At ¢rst glance, it appears that assays used to measure bacterial coaggregation and coadhesion can be used to study adhesive interactions between yeasts and bacteria without major problems. This has, in fact, been attempted by several investigators (see Table 2 ), although our experience with the application of bacterial coaggregation and coadhesion assays to the study of interactions between yeasts and bacteria have shown little success. In the following section we will critically discuss currently used methods to study interactions between yeasts and bacteria.
Coaggregation between yeasts and bacteria
A macroscopic coaggregation assay, similar to that used for bacterial coaggregation (Table 1) by Cisar et al. [22] , in which bacteria and yeasts were mixed and observed for clearly visible, sedimenting aggregates, was used by Grimaudo et al. [34] to investigate coaggregation between C. albicans and A. viscosus (A. viscosus now refers only to non-human strains, whereas A. naeslundii refers to human strains [40] ) and A. naeslundii strains. All Actinomyces strains used in the study were said to coaggregate to`various degrees' with the C. albicans strains involved, although a criterion for a positive result is lacking. Moreover, it is known that not only yeastbacterial coaggregates but also non-aggregated yeast cells sediment, which can give false positive results.
Jenkinson et al. [41] observed that the C. albicans strains MEN and MM2002, a spontaneous mutant derived from strain MEN, rapidly settled out of suspension, and from this observation the authors concluded that a macroscopic assay to study their coaggregation with S. sanguis and other streptococcal strains was inappropriate. We studied coaggregation between A. naeslundii T14V-J1 and A. naeslundii 147, and C. albicans ATCC 10261 and C. albicans GB 9/4 following as closely as possible the experimental details as described by Grimaudo et al. [34] and did not see any detectable yeast-bacteria coaggregation. Possibly, yeast sedimentation was interpreted as aggregate formation. In addition, in Grimaudo's investigation, the growth stages of the bacteria and the yeasts were not mentioned, save for the description of the bacteria which were grown`until turbid' although the growth phase of yeasts has been shown to a¡ect adhesion to streptococci [41] .
A microscopic coaggregation assay (Table 1) , in which coaggregates between bacteria and yeasts were examined directly, was applied by Bagg and Silverwood [32] and Hsu et al. [33] . In detail, the Bagg and Silverwood [32] method involved resuspending scrapings of bacteria and yeasts from agar plates in 0.25 M potassium phosphate bu¡er (pH 7.4) to a concentration of 6U10
T yeasts per ml and 6U10 U bacteria per ml, respectively. Samples of each (1.5 ml) were mixed and incubated overnight at room temperature on a tube rotator (33 rpm). Following incubation, a small amount of the mixture was pipetted onto a microscope slide and observed for coaggregation by eye, or by wet mount microscopy. In this study, the investigators found that many oral bacterial strains, including streptococci, Fusobacterium nucleatum, and A. viscosus, with the exception of Bacteroides melaninogenicus, coaggregated with C. albicans NCPF 3281.
Following the assay described by Bagg and Silver- S. mutans C. albicans coadhesion radioactivity-based slide method C. albicans adhered ¢rmly to a S. mutans layer [38] Streptococci C. albicans coadhesion radioactivity-based slide method used glutaraldehyde to ¢x streptococci S. gordonii coadhered with C. albicans through a complex cell wall polysaccharide [39] wood [32] , Hsu et al. [33] found that coaggregation occurred between 68 of 220 of the microbial pairs tested, i.e. Lactobacillus amylovorus, Streptococcus mitis, Staphylococcus epidermidis, A. viscosus, Bacteroides gingivalis, and F. nucleatum, with C. albicans or C. tropicalis isolated from immunosuppressed patients. We evaluated the microscopic assay developed by Bagg and Silverwood [32] using microbial isolates from the oral cavity, the throat and the urinary tract. Fig. 2a is an example of a coaggregate between C. albicans ATCC 10261 and S. gordonii NCTC 7869 (Channon), which is, however, more an exception than a rule as the majority of yeast and bacterial cells are found in isolation (Fig. 2b) . In fact, often less than 1% of the yeast cells were associated in an aggregate with bacteria, which makes it very di¤cult to assign a positive coaggregation score to a given pair. Assigning a positive score when more than 80% of the yeast cells were found coaggregated with bacteria using this microscopic assay, it was found that out of 100 pairs, only C. albicans ATCC 10261 and S. gordonii NCTC 7869 coaggregated. However, this coaggregation occurred solely when the yeasts were cultured at 30³C (and not at 37³C) and suspended in TNMC (1 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1 mM MgCl P , 1 mM CaCl P ) bu¡er [22] . Results of this microscopic assay must therefore be considered with caution, unless clear, quantitative criteria for a positive score are given. Jenkinson et al. [41] also used a variant of the radioactivity-based assay (see Table 1 ) to examine yeast-bacteria coaggregation by mixing labelled bacteria with yeasts. The mixtures were incubated for 20 min at 30³C on a shaker set at 900 rpm to keep the yeast cells suspended. Subsequently, the mixtures were centrifuged (400Ug, 1 min) to sediment coaggregates formed. The radioactivity of the sedimented and still suspended portions was then determined to yield a quantitative score. This method appears effective for identifying coaggregating yeast and bacterial strains, but mass transport and kinetic e¡ects are not controlled, and the drawbacks of using radioactivity must be considered.
Coadhesion between yeasts and bacteria
Coadhesion between yeasts and bacteria has been studied using a variety of slide methods (Table 1) . Verran and Motteram [6] examined adhesion of C. albicans MDH to acrylic following prior incubation with either S. sanguis CR311 or S. salivarius SS3. The results showed that adhesion of streptococci to the acrylic surface signi¢cantly increased adhesion of the C. albicans. In contrast, a similar study on acrylic was attempted by Nair and Samaranayake [7] using various oral bacterial strains, including S. sanguis SK142, and S. salivarius SK56. The results of this study indicated that the presence of S. salivarius signi¢cantly reduced adhesion of C. albicans GDH18.
Unfortunately, both studies utilized rinsing steps which could create artifacts and explain contradictory results. Sometimes, detachment of bacterial layers from the slides may occur, either spontane- ously or by washing or rinsing steps [42] . A solution to this problem was o¡ered by Holmes et al. [39] , by ¢xing the bacteria to the surfaces of microtiter plates using glutaraldehyde in a study on C. albicans and S. gordonii coadhesion. Unfortunately, the e¡ect of glutaraldehyde on the adhesion of yeasts to the bacteria remains to be determined.
Mass transport aspects have been neglected by most investigators employing the slide methods, which is especially troublesome since mass transport to bacterial layers can become rather complicated. In fact, Banks and Bryers [43] demonstrated that the roughness of bacterial layers greatly in£uences subsequent microbial deposition. Flow chamber devices, as employed for studying bacterial coadhesion [30] , appear ideal for studying coadhesion between yeasts and bacteria as the method is solely based on de¢n-ing`local' and`non-local' adhesion of yeasts or bacteria in an area in the vicinity or distant from each other, respectively. Straightforward application of the methodology of Bos et al. [44] to quantitate coadhesion between yeasts and bacteria has not, in our experience, been successful and has been hindered by the fact that yeasts are considerably larger than the bacteria, making it di¤cult to determine adhesion in an area around the yeasts or the bacteria. In addition, the yeast cells have more complicated image contrast patterns through the microscope than bacteria, which are di¤cult to analyze by the image analysis system. However, by ¢rst allowing bacteria to adhere and subsequently monitoring the deposition of yeasts, the in£uence of the presence of adhering bacteria on yeast deposition to solid substrata can be quantitated [45] . The distribution of C. albicans ATCC 10261 adhering to glass with adhering S. gordonii NCTC 7869, with adhering inert polystyrene particles, and to bare glass in a parallel plate £ow chamber study [46] is shown in Fig. 3 . Although it is evident from Fig. 3 that the presence of adhering bacteria in£uen-ces the adhesion of the yeasts, the greater size of the yeasts impedes direct visualization of individual bacteria coadhering with the yeasts. Note that when S. gordonii are present on the surface (Fig. 3a) , the yeasts adhere primarily in large aggregates, with few single yeasts being observed. When C. albicans adheres to glass with adhering polystyrene particles (Fig. 3b) , or to bare glass (Fig. 3c) , they hardly show aggregate formation, and most of the yeasts adhere singly, or in very small aggregates.
Quantitative data on the degree of surface aggregation of the adhering yeasts can be easily obtained using the image analysis option. The kinetics of yeast deposition can be expressed in a so-called initial deposition rate, de¢ned by
where n(t) represents the number of adhering yeasts at time t. Since the yeasts can adhere as single cells or as adhering aggregates, it is appropriate to separate the initial deposition rate in a non-local, initial deposition rate, j HYnl for adhering single cells and a local deposition rate, j HYl for adhering aggregates [45, 46] . The ratio between the local and non-local initial deposition rates is named M and can be considered a measure for the degree of initial surface aggregation of the adhering yeasts. From the example presented in Table 3 it can be seen that the presence of adhering S. gordonii greatly stimulates aggregate formation as compared to bare glass suggesting adhesive interactions between the yeasts and the bacteria. The M values reported here for surface aggregation of yeasts are signi¢cantly higher than those reported by Bos et al. [44] for coadhesion between bacteria, because in this study the M values represent a slightly di¡erent physical phenomenon. In a stationary end-point of the adhesion process, Table 3 The kinetics of C. albicans ATCC 10261 deposition to glass in TNMC bu¡er in a parallel plate £ow chamber, including the local (j HYl ) and non-local (j HYnl ) initial deposition rates, the initial surface aggregation ratio (M), stationary end-point adhesion (n Ph ), number of adhering yeast aggregates (n ggYPh ), and the average aggregate size (data from [46] ) Average number of yeasts found in aggregates, represented in yeast numbers.
the adhesive interactions between yeasts and bacteria can be evaluated from the size of the yeast aggregates and their number adhering per unit area as compared with the number of singly adhering yeasts (see also Table 3 ). The parallel plate £ow chamber with image analysis capabilities can be employed to study the adhesive interactions between yeasts and bacteria adhering on a surface, although size di¡erences between yeasts and bacteria impede direct observation of coadhesion. Nevertheless, the adhesive interaction between yeasts and bacteria becomes obvious from increased surface aggregation of the yeasts. It is unclear to what extent this type of information coincides with data on direct interactions between yeasts and bacteria.
Mechanisms of microbial adhesive interactions
Summary of bacterial adhesive interaction mechanisms
Bacterial coaggregation and coadhesion can be approached from a speci¢c biochemical point of view, describing the interaction in terms of the presence or absence of speci¢c stereo-chemical groups [47] , like the lectin-sugar interaction [48] , or from a physicochemical point of view [49] , in which case the interaction is considered as a complicated interplay of attractive Lifshitz-Van der Waals and electrostatic forces [50] and Lewis acid-base interactions [51] .
Bacterial coaggregation is mostly studied in the oral ¢eld and coaggregating partners have been identi¢ed that interact with high speci¢city [52] . Sugars, such as lactose can inhibit certain coaggregation reactions such as those between A. naeslundii T14V and S. sanguis 34 [53] , providing evidence for the involvement of lectin interactions. Often, the sugar moiety of the receptor is a galactoside [54] , although rhamnose receptors have also been identi¢ed [55] . However, non-lectin adhesins have been shown to have a role in coaggregation, as between S. gordonii or S. salivarius with A. naeslundii [56, 57] . Furthermore, lipoproteins of Gram-positive bacteria may have a role in non-speci¢c interaction between bacteria [58] much like the lipopolysaccharides of Gramnegative bacteria.
The presence of speci¢c cations seems essential for the coaggregation between several bacterial pairs. Coaggregation between A. viscosus and A. naeslundii with S. sanguis and S. mitis strains was shown to be calcium dependent [22] . Bos et al. [49] measured the zeta potentials of various oral bacterial strains involved in coaggregation reactions and found that none of the strains involved in coaggregation had highly negative zeta potentials. In fact, adsorption of cations, essential for coaggregation interactions, made the bacterial zeta potentials slightly less negative, suggesting that the absence of electrostatic repulsion is a prerequisite for coaggregation to be possible.
A surface thermodynamic analysis of bacterial coaggregation, based on interfacial free energies calculated by the acid-base approach of Van Oss et al. [51] could explain the non-cation mediated coaggregation of Prevotella intermedia and Prevotella nigrescens with A. naeslundii [59] . However, Ca-mediated coaggregation, such as occurs between S. oralis and A. naeslundii, could not be explained by surface thermodynamics [49] . Possibly, adsorption of cations, most notably calcium, changes the acid-base character of bacterial cell surfaces or surface appendages to favor their coaggregation with other strains, by decreasing the electron donating free energy parameter [60] . Such a mechanistic role of speci¢c cations might also explain the sugar reversibility of many coaggregation phenomena, as lactose, for example, is known to bind calcium ions [61] .
Distinguishing between coaggregation and coadhesion, Bos et al. [30] concluded that both processes proceed according to the same mechanisms, but that there may be a strong intervening in£uence of a substratum surface in coadhesion. This intervening in£uence is caused by, for example, immobilization of hydrophobic ¢brils which mediate interactions, as on Actinomyces strains by adsorption of these ¢brils to hydrophobic substratum surfaces [62] .
These observations have led many investigators to conclude that bacterial coaggregation and coadhesion are due to interactions between complementing adhesins and receptors, which become expressed in an extremely critical, colloid chemical energy balance [15, 16] between attractive and repulsive interaction forces, including Lifshitz-Van der Waals, electrostatic and acid-base forces.
Adhesive interaction mechanisms between yeasts and bacteria
Mechanisms of coaggregation and coadhesion between yeasts and bacteria have not been as well documented as adhesive interactions between bacterial strains, due in part to experimental di¤culties. Nevertheless, two basic mechanisms have been described involving lectin binding and protein-protein binding.
Yeast surfaces have three major cell wall components, namely glucans, mannans, and chitin, all of which may play a role in coaggregation and coadhesion events. Mannans, a type of mannoprotein, although present throughout the cell wall [63] , form a capsule-like structure at the yeast cell surface [64, 65] that may be sloughed o¡ during tissue infection [66, 67] . Bacteria may associate with the sugars in this capsule-like layer, by means of a lectin-like activity. Mannoproteins of yeasts are also involved in lectin-like interactions with human epithelial cells [68] , with the protein portion recognizing a sugar on the epithelial cell. In addition, these mannoproteins may serve as receptors for protein-protein interactions between yeasts and bacteria. However, to date there is little data concerning protein-protein interactions between yeasts and bacteria.
Mannoprotein binding of Escherichia coli to
Saccharomyces cerevisiae E. coli can speci¢cally bind to mannose residues on yeast cell surfaces, most notably S. cerevisiae [69] , through a mannose-speci¢c lectin also mediating adhesion of E. coli to human epithelial cells. In both instances, interaction of the E. coli with the mannose residue could be inhibited by the addition of methyl K-D-mannopyranoside, indicating the importance of the mannose receptor on the yeast surface. In addition, a study by Centeno et al. [70] , showed that yeast adhesion to exfoliated uroepithelial cells increased when the uroepithelial cells were incubated with type I ¢mbriated bacteria prior to assaying, suggesting that the yeasts may attach to the additional sites provided by the mannose-sensitive pili on the bacterial cell surface.
Protein-protein binding mechanisms
Holmes et al. [37] investigated interactions between C. albicans and oral streptococci with or without the addition of saliva and found that coadhesion between yeasts and streptococci as well as yeast adhesion to the salivary pellicle were both reduced upon alteration of the growth conditions of the yeasts, such as an increase in growth temperature, or glucose starvation. Further studies revealed that the yeast adhesins for the salivary pellicle and streptococci are separate, co-regulated proteinaceous structures [37] . In addition, Holmes et al. [36] identi¢ed two S. gordonii cell surface proteins involved in streptococcal interactions with an as yet undetermined yeast cell surface protein. The streptococcal cell surface proteins are Csh and Ssp, both of which are additionally involved in interactions between S. gordonii and Actinomyces strains [71, 72] suggesting that some adhesive events between S. gordonii and yeasts are mediated by similar mechanisms as those between S. gordonii and Actinomyces.
Physico-chemical features of adhesive interactions between yeasts and bacteria
Yeast and bacterial cell surfaces have been examined using physico-chemical techniques to further understand the mechanism of adhesive interactions with their environment. To date, bacteria have been much more extensively characterized than yeasts, and bacterial contact angles, surface free energies, cell surface hydrophobicities and zeta potentials are known for a wide variety of Gram-positive streptococci [73, 74] , staphylococci [75, 76] , and lactobacilli [77, 78] , but also for Gram-negative bacteria such as
Yeast cell surface hydrophobicity has been the most extensively characterized physico-chemical parameter related with adhesion, and has been excellently reviewed by Hazen [82] . It is, however, di¤cult to compare methods used to examine yeast cell surface hydrophobicity because many methods are adhesion-based and thus measure an interplay of all factors involved in microbial adhesion. MATH, for example, has been employed to investigate yeast cell surface hydrophobicity [83] , but in essence measures hydrophobic and electrostatic cell surface properties since hydrocarbon surfaces are negatively charged [84] . Consequently, a review of yeast cell surface hy-drophobicity should distinguish between the various methods employed.
Growth temperature has been demonstrated to have a strong in£uence on the cell surface hydrophobicity of most yeasts by the hydrophobic microsphere attachment assay [82] . Yeasts appeared hydrophobic when grown at temperatures below 26³C, and mostly hydrophilic when grown at temperatures around or above 37³C. Using contact angle measurements, Minagi et al. [85] showed that C. albicans IFO1385 had a higher surface free energy than C. tropicalis IFO1400. In addition, an examination of the contact angles of C. tropicalis, C. glabrata, Candida krusei, C. albicans, Candida stellatoidea, and Candida parapsilosis revealed that the former three strains are relatively more hydrophobic than the latter three strains [86] when grown at 37³C.
Apart from hydrophobicity, electrostatic charge interactions are also known to be involved in microbial adhesion, and in fact, adhesion occurs despite electrostatic repulsion between equally charged cell surfaces. Neu et al. [14] investigated the charge properties of yeast cell surfaces using particulate microelectrophoresis. Yeast cell surfaces were more positively charged than those found for bacteria in the same study, with zeta potentials in the range of 321.3 to 7.1 mV versus 335.5 to 37.1 mV, respectively. Interestingly, the isoelectric points of C. tropicalis strains in 10 mM potassium phosphate were recently [87] found to be between pH 4 and 5, which is considerably higher than those of C. albicans strains (isoelectric points below pH 2), when the strains were grown at 37³C. Based on relationships between contact angles and isoelectric points found for bacteria [78] , this con¢rms the conclusion of Minagi et al. [85] that C. tropicalis strains are more hydrophobic than C. albicans strains.
Incidentally, it is noted that more extensive physico-chemical analyses of non-medically important yeast cell surfaces has been carried out using brewing yeasts [88, 89] . Hydrophobicity of the yeast cell surface, determined by hydrophobic interaction chromatography was caused by the presence of nitrogen-rich proteinaceous groups, while furthermore hydrophobic brewing yeast strains also had higher isoelectric points than hydrophilic ones, similar to the physico-chemical relationships revealed for bacterial strains.
Conclusions
In this review several methods to study adhesive interactions between yeasts and bacteria have been reviewed. Although there is su¤cient evidence that these interactions are important in the build-up of bio¢lms in vivo, no adequate method is available at present to study these interactions in a quantitative sense. A new method is proposed based on the use of a parallel plate £ow chamber equipped with image analysis capabilities. By consequence, little more is known about the mechanisms of these adhesive interactions than that lectin and protein-protein binding is involved.
